We present results of a search for unidentified line emission and absorption signals in the 2-12 keV energy band of spectra extracted from Perseus Cluster core region observations obtained with the 5 eV energy resolution Hitomi Soft X-ray Spectrometer. No significant unidentified line emission or absorption is found. Line flux upper limits (1σ per resolution element) vary with photon energy and assumed intrinsic width, decreasing from ∼ 100 photons cm −2 s −1 sr −1 at 2 keV to < 10 cm −2 s −1 sr −1 over most of the 5-10 keV energy range for a Gaussian line with Doppler broadening of 640 km s −1 . Limits for narrower and broader lines have a similar energy dependence and are systematically smaller and larger, respectively. These line flux limits are used to constrain the decay rate of hypothetical dark matter candidates. For the sterile neutrino decay rate, new constraints over the the mass range of 4-24 keV with mass resolution better than any previous X-ray analysis are obtained. Additionally, the accuracy of relevant thermal spectral models and atomic data are evaluated. The Perseus cluster spectra may be described by a composite of multi-temperature thermal and AGN power-law continua.
Introduction
X-ray spectroscopy has long been used to study the physical state and elemental composition in various astronomical hot plasmas. The advent of high energy resolution instruments in orbit has improved the sensitivity to weak spectral features, and hence the diagnostic power of Xray spectroscopy. Most recently, the Soft X-ray Spectrometer (SXS; Kelley et al. 2018 ), the first X-ray calorimeter that collected observations in orbit, onboard the Hitomi observatory (Takahashi et al. 2018) demonstrated new capabilities by achieving a 5 eV FWHM energy resolution. This represents superior sensitivity and better resolving power above 2 keV than any previous X-ray grating instruments and, by virtue of being non-dispersive, is better-suited for observing extended sources such as clusters of galaxies.
Thanks to these capabilities, Hitomi high-energy resolution spectroscopic analysis may be used to enhance dark matter X-ray searches. There are several reports of putative detections of unidentified X-ray signals, such as Prokhorov & Silk (2010) . A recent, much discussed claim is of a line at around 3.5 keV in the Perseus cluster and a stacked sample of clusters by Bulbul et al. (2014) . Together with subsequent reports (e.g. Boyarsky et al. 2014; Boyarsky et al. 2015; Neronov et al. 2016 claiming independent detections consistent with the dark matter interpretation, these works have attracted a substantial number of follow-up observational studies with different instruments and objects. Among these are works by Tamura et al. (2015) , Sekiya et al. (2016) , and others reporting non-detection and disfavoring a substantial part of the claimed 3.5 keV flux range (see Abazajian 2017 for summaries). As discussed in these studies, potential dark matter X-ray signals are expected to be too faint to be resolved by previous X-ray detectors (mostly Charge-Coupled Devices; CCDs). In fact, the claimed 3.5 keV signals have line equivalent widths of about 1 eV, corresponding to a < 1% excesses above continuum, generally smaller than the instrumental calibration uncertainties (typically 10%). Even the deepest and targeted searches such as Ruchayskiy et al. (2016) and Cappelluti et al. (2018) may have marginally detected a signal at 3.5 keV but failed to disentangle various possibilities due to limited CCD energy resolution.
The unidentified X-ray line signals may originate from dark matter radiative decay, as originally proposed by Abazajian et al. (2001) , with the keV sterile neutrino being one long-standing candidate (see Adhikari et al. 2017 for a review). The 3.5 keV claims stimulate theoretical consideration of sterile neutrino production mechanisms, as well as many other dark matter candidate particles, conceived in order to explain unidentified X-ray signals. These in turn indicate how parameter space can be constrained or new physics searches expanded exclusively by X-ray spectroscopy of cosmic dark matter systems. Many, but by no means all, these dark matter candidates tend to behave as warm dark matter, suppressing sub-galactic structure formation by free-streaming. Probes of small-scale matter clustering such as a number count of satellite galaxies (e.g. Cherry & Horiuchi 2017) and Lyman-α forest measurements (e.g., Baur et al. 2017 and references therein) play a complementary role in searching for proposed dark matter candidates (e.g., Bae et al. 2018 for further discussion).
In addition to enhancing the quality of X-ray searches for dark matter, improvements of spectroscopic sensitivity provide an opportunity to measure faint signals from relatively rare elements and previously unresolved atomic features (Hitomi Collaboration et al. 2017 ).
For example, Bulbul et al. (2014) discussed possible 3.5 keV line origins in atomic features from K, Ar, or Cl ions; while, Gu et al. (2015) proposed an origin from charge exchange emission. Disentangling such mixtures of processes from these dominant thermal emission is only accessible via high resolution spectroscopy, as discussed thoroughly in Kaastra et al. (2008) and Smith et al. (2014) .
There are now a few calorimeter data sets of relevance to searches for dark matter and other weak features. Figueroa-Feliciano et al. (2015) used sounding rocket calorimeter spectra with energy resolution of 11-23 eV, covering a wide sky area, with a short exposure time of 106 s towards an anti-center Galactic plane region. They revealed no 3.5 keV signal. Aharonian et al. (2017) used the SXS Perseus spectra to search for the 3.5 keV signal, deriving an upper limit inconsistent with previous claimed detections in Perseus. Utilizing the latest versions of ATOMDB and SPEX plasma codes, Hitomi Collaboration (2018c) (hereafter H2018-T) found that the same Perseus spectra may be described by simple thermal models with an average temperature of 4 keV without any significant residuals in the 2-15 keV energy band.
Furthermore, Hitomi Collaboration (2018d) (hereafter H2018-A) evaluated spectral fit residuals and the accuracy of the model input atomic physics. Hitomi Collaboration (2018a) examined the SXS spectra of the Crab Nebula, a spectrally featureless calibration source, searching for previously undetected line emission or absorption signatures. We use this result to estimate the calibration uncertainty bf of the instrumental effective area.
The highest quality spectrum with the Hitomi SXS is of the core of Perseus, a nearby relaxed galaxy cluster and the X-ray brightest extra-galactic extended source (Hitomi Collaboration 2016) . Making use of the extensive plasma modeling conducted in Hitomi papers cited above, we further examine the spectra for weak line emission and absorption signals at the energies of both known and unknown features. We present the first line search results over a broad X-ray energy band (2-12 keV) from a massive dark matter structure at energy resolution better than any previous X-ray analysis. We resolve a number of strong and weak atomic line emission features but find no significant unidentified line emission nor absorption.
We derive upper limits used to constrain the sterile neutrino decay rate and compare our results with previous X-ray limits. Discussion is made on the limitations of a weak line search with an instrument with high energy resolution but modest collecting area.
Throughout this paper, we assume the following cosmological parameters: H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. One arc-minute corresponds to 21.1 kpc at the Perseus cluster redshift, z = 0.017284 (Hitomi Collaboration 2018b). Unless otherwise stated, we use the 68% (1σ) confidence level for errors and single-line signal detection significance levels without accounting for the number of independent energy trial bins (i.e., the look elsewhere effect) , and express X-ray energies in the observed (redshifted) frame.
Observations and data analysis

Observations and spectral extraction
Th Perseus cluster was observed four times with the Hitomi SXS in 2016 February and March.
These observations are used in the series of papers described in section 1. Detailed descriptions of the Hitomi observatory and the SXS instrument are are found in Takahashi et al. (2018) and Kelley et al. (2018) , respectively. Hitomi's X-ray telescope references include Okajima et al. (2016) and Maeda et al. (2018) .
In H2018-T we processed and extracted the relevant spectral and responses files which are used herein. We describe the method briefly below. To process data and response files, we use the HEAsoft version 6.21, Hitomi software version 6, and calibration database version 7 (Angelini et al. 2018 ).
We use Observations 2 (obsid 100040020), 3 (100040030, 100040040, 100040050) , and 4
(100040060) with a total exposure time of 289 ks. These observations cover the cluster central core and are denoted as the 'Entire' core in H2018-T and shown in their figure 1. There was another observation (Obs 1) offset by about 3 and with an exposure time of 49 ks. Its total flux is fainter by a factor of about 3 and its spectral shape differs in comparison to the other observations. Therefore we do not use this offset data for this study. Combined with the X-ray focusing mirror, the SXS has a 3 × 3 field of view with an angular resolution of 1 .2 (half power diameter) and covers the energy range of 2-12 keV. We applied event screening based on the pulse rise time versus energy tuned for the wider energy coverage and selected only the high primary grade events, in which the best spectroscopic performance is achieved. We applied pixel-by-pixel redshift correction and gain correction using a parabolic function, as shown in appendix 1 of H2018-T.
Basic spectral analysis methods
The redistribution matrix file (RMF) and auxiliary response file (ARF) for spectral analysis are generated by sxsmkrmf and aharfgen, respectively. We use two ARFs for extended cluster emission and point source AGN components. In H2018-T we examined three separate ARFs with different effective area calibration corrections, finding the Crab ARF (tuned with the Crab spectra as defined in H2018-T)
as the best description of the data for the AtomDB spectral model. Accordingly, we use this ARF in the following analysis.
Energy bin sizes for spectral and response (RMF and ARF) files are all 1 eV. No further binning is applied for the spectral fitting, except for plotting purposes. Spectral fits are performed using the Xspec package (version 12.9.1h; Arnaud 1996) with the modified C-statistic (Cash 1979) . To model the cluster plasma emission, we use the atomic database AtomDB version 3.0.9 (Smith & Brickhouse 2001) .
Backgrounds
Non X-ray background (NXB; ) spectra are produced from the night earth observations using sxsnxbgen and used in the spectral fitting. Table 1 lists identified and expected features in the NXB spectra.
The cosmic X-ray background is estimated to have an intensity of 3 × 10 −4 and 3 × 10
in counts s −1 keV −1 over the SXS field of view at energies of 2 and 10 keV, respectively. These are well below 1% and 0.15% of the source counts at these energies. We therefore ignore this background in the following analysis. The source and estimated NXB spectra are shown in figure 2 of H2018-T.
Analysis method -A blind line search
We search the SXS spectrum for emission and absorption features above the plasma model over a broad range of possible line position following previous methods used with high energy resolution spectroscopy (e.g., Rasmussen et al. 2007 ). This is sometimes referred to as a sliding box or blind search. This method was also employed for the Perseus X-ray spectra in Tamura et al. (2015) and Aharonian et al. (2017) . statistical significance larger than 3σ can be identified with atomic transitions expected from a 2-6 keV CIE plasma, as already shown in published Hitomi papers. No significant unidentified line emission is found. In the Appendix, we show a spectral plot with annotated identifications (figure 15).
Baseline model -local-wide-band fits
We determine baseline spectral models with physically reasonable parameters to describe the data accurately in the following wide and narrow bands fits. Based on detailed spectral fitting in H2018-T we found the spectrum to be reproduced by two temperature CIE for the cluster component and a power-law for the AGN emission, along with AGN parameters obtained by Hitomi Collaboration (2018e). These components are modified by a Galactic absorption column density of 1.38 × 10 21 cm −2 .
Instead of a multi-temperature model suitable for a wide energy band, we use singletemperature models ('tapec' in XSPEC) with changing parameters tuned for each local energy band. We fit the spectrum separately for energy ranges delimited at 1. 8, 2.7, 3.7, 6.4, 8.7, and 15.0 keV. The energy band from 6.25-6.32 keV , which includes Fe-I emission from the AGN, is ignored in all cases.
The parameters determined at this step are temperatures (for continuum and for atomic lines), metal abundances, cluster redshift, velocity dispersion, and CIE normalization. Other parameters are held fixed. In the 7.7-7.8 keV energy band that includes both Fe and Ni strong line emission we allow Fe and Ni abundances to vary independently. In other cases, a single metal abundance (represented by Fe) is let free assuming solar abundance ratios. For each E Line , we determine (1) a best-fit flux (the Gaussian component normalization), and (2) detection significance (S) as defined as
where C 1 and C 0 are C-statistic values for no line and best-flux line models, respectively. These values are assumed to have a χ 2 distribution. The horizontal line indicates the instrumental resolution at 2.1 eV.
Fitting energy ranges and energy bin grids
We checked the effect of different energy ranges (∆E narrow ) for the narrow band fit on the line flux limit. Changing ∆E narrow from the default ±50 eV (for σ Line = 3 eV) to ±25 eV or ±100 eV had no significant effect on the resulting distribution of S or line flux limits.
We also checked the effect of adopting a finer energy grid. As an example, figure 2 shows a result with an energy grid of 1 eV. We find no significant variation over 5 eV energy bins, confirming that the 5 eV energy bin size is small enough to detect a line feature with σ Line > 3 eV.
This limit is satisfied over most of the energy parameter space and σ Line > 320km s −1 (see figure 1 ; > 3 keV). Therefore energy grids finer than 5 eV are expected to provide line search results consistent with the 5 eV ones. of line detection is wider than 2-3 eV and that no new signal will be found by using an energy grid sharper than 5 eV. See text for further explanation.
Results
Line flux limits
The wide-band fitting results and associated plasma emission models are shown in figures 7-12.
The same data and similar fitting results are given in H2018-T and H2018-A.
Residuals around atomic lines
The best-fit line temperatures for the 1.8-2.7-3.7-6.4-8.7-15.0 keV bands are 3.4, 3.6, 3.6, 3.9, and 3.9 keV, respectively.
This increasing temperature trend toward higher energy bands reproduces the multitemperature emission observed in H2018-T and other studies. H2018-T found some differences in line strengths between the best-fit single and two temperature CIE models, particularly in He-like S and Ar, and Fe Lyα transitions. These differences are up to 10-20% in flux. We find no significant residuals at these positions (e.g., figures 8). Consequently, even if we instead use two CIE models for the local bands, we expect no significant improvement in goodness of fit, and hence no change in the line search results.
Flux limit profiles
A line search result with σ Line = 3 eV is shown in figure 3 . the source flux (cluster and AGN emission). Absorption like features, e.g., at around 6.7 keV, are due to the source line emission. These line flux limits (f ) can be converted into a decay rate (Γ) for an arbitrary dark matter particle of mass m DM by f 9.3 photons cm −2 s −1 sr
where z and Σ DM are the source redshift and dark matter surface density. To compute Γ from f we adopt Σ DM = 1750 M pc −2 for the Perseus core and assume that emitted photons have an energy m DM c 2 /2 as expected for sterile neutrino dark matter. 
Different line widths
We examine flux limit profiles among models with different values of σ Line (figure 5). Flux limits for the broader lines are larger than those of the narrow ones in most energy ranges. These relative differences can be approximately explained by a difference in effective energy resolution combining instrumental and source widths. When the line detection sensitivity is limited by background fluctuations, its limit flux is approximately proportional to the square root of the energy resolution. In the actual limits based on spectral fitting, the size of the fitting energy range, ∆E narrow , also affects the uncertainty of the continuum flux and hence the line flux sensitivity. 
The Crab Nebula spectrum and systematic uncertainty
To evaluate systematic errors from the effective area calibration, we use the SXS Crab Nebula observations. Using those observations, Hitomi Collaboration (2018a) performed a spectral line search similar to ours. They used intrinsic line widths (σ Line ) fixed at a range of velocities from σ Line = 0 to 1280 km s −1 . As shown in table 2, the Crab photon counts are about twice those in Perseus over the energy band. The spectrum is intrinsically featureless and hence cleaner than that of Perseus over most of the energy band. These make the Crab data the best and only observations for this purpose. Figure 6 shows comparisons of residuals in terms of best-fit line EW from the Perseus and Crab spectra.
The line flux amplitude limits in the Crab spectrum are smaller than or comparable to those in Perseus over all energy ranges. This is expected due to the better photon statistics in the Crab. This allows us to use the Crab residuals to estimate the systematic error associated with calibrations of the effective area and other instrumental features.
In the Crab spectra, as presented in detail by Hitomi Collaboration (2018a), there are no residuals stronger than the typical statistical noise level (< 1 − 2 eV in line EW ). We also find no clear positive or negative features common to both spectra. These indicate that any uncalibrated instrumental features are too small to affect the line search significantly within the statistical limit of the Crab observations. These systematic effects make the detection of weaker features highly model-dependent around strong atomic line features.
When the broader line widths (> 640 km s −1 ) are assumed, these contaminations affect results around the wider energy bands. We do not use the energy ranges given above for the line search.
Possible line emission features
Apart from the known systematic residuals stated above, there are energy bins showing large detection significance value (S > 3.2) as listed in Table 3 The maximum values of S associated with emission and absorption signals are 3.5 and 3.6, respectively. To evaluate these statistical significance considering the look elsewhere effect (e.g., Sekiya et al. 2016 ), we assume a trial factor computed as the numbers of energy bins [ ∼ (1.7-11.5) keV divided by 5 eV] times velocity bins (10), which is about 2 × 10 4 . By multiplying the Gaussian probability values by this factor, we predict the number of false positive chances with S > 3.5 to be 10 for each emission and absorption signal over the searched energy and velocity space. With this large trial factor, a significant detection corresponding to > 99% confidence (false positive of 0.01 ) requires S > 5. Therefore any detected signals in the full energy bands including those in Table 3 (not already associated with known systematics in subsection 3.3.1) are consistent with statistical fluctuations. We also confirm that the S distributions obtained are approximately consistent with those from statistical variations. Based on these we conclude that we find no significant detection of any new line emission or absorption feature.
We searched for signals by fixing E Line and σ Line in grids of 5 eV and 160 km s −1 , respectively. Based on spectral fitting residuals and S profiles as functions of E Line and σ Line (figures 7-12), no new and significant signal (e.g., S > 5) is expected even when taking E Line and σ Line as free parameters. We do not attempt to search for signals with σ Line > 1600 km s Kaastra et al. 1996) . In the Appendix (table 6) we give a list of transitions associated with these identifications.
We note possible detections of atomic line emission from high-n to the ground shell emission in Si XIV, Fe XXV, and Ni XXVIII (table 3) . These can be caused by charge exchange in the Perseus core. Fe XXV associated with charge exchange in the same data set was previously reported in H2018-A, where another hint of detection from S XVI at ∼ 3.4 keV (1.6σ) was shown along with a spectral analysis and discussion of the emission mechanism.
Line absorption features
Excluding the energy ranges of the strong plasma lines, mentioned in subsection 3.3.1 and Si
Lyα at 1970 eV, there are several absorption features with S > 3.2 listed in table 3.
Some of these are associated with strong plasma or background lines. As mentioned above, these are not statistically significant and too faint to examine further in regards to their possible origin. (1) Energy (2) Energy (3) Velocity (4) Flux (5) EW (6) S significance. This is single-line signal detection significance level without correction for the look-elsewhere effect.
(7) In some cases, possible identification with atomic transitions are given. See the Appendix (Table 6) for a list of possible identification transitions. 'Nr' in parentheses is the SPEX line number given in Table 6 . See also spectral plot for expected emissivities for some signals.
Ap: Energies and other parameters are given in H2018-A. CX denotes charge exchange emission. 
Discussion
Comparisons with previous searches
Here, we compare our line search results with previous studies.
Absolute flux estimation
To calculate absolute line flux and density values (figure 5), we assume (1) that all the observed photons originate from the 3 × 3 sky region corresponding to the SXS extraction area, and (2) that the effective area may be approximated by the ARF simulated for a point source at the detector center. The centrally-peaked surface brightness distribution of the cluster and the angular resolution of 1 .2 (half power diameter) result in the photon spatial distribution after the telescope mixing to have an extension not significantly wider than that of point source. The telescope vignetting reduction within the small field of view is less than 5-10% (Iizuka et al. 2018 ). In addition, the point source approximation for the ARF results in a flux to be ∼ 10% below that using the Chandra image by Aharonian et al. (2017) . Considering these points, we estimate our absolute flux uncertainty to be less than 20-30%, neglecting any additional error terms due to uncertainties e.g., in the pointing accuracy and stability and approximate treatment of the gate valve transmission ( Kelley et al. 2018 ).
4.1.2 Hitomi previous report around 3.5 keV Using the same data set and similar analysis method, Aharonian et al. (2017) conducted a line search around 3.5 keV. We compare the published result (their figure 3) with ours at the same energy, and find consistency in the upper limit profile. Aharonian et al. (2017) identified an "excess at 3.44 keV (rest-frame)" at the position of a high-n transition of S XVI and the "dip" at 3.5 keV. We confirm these features (figure 8), but again at low significance.
The SXS Crab search
In figure 5 we compare limits on the line flux equivalent width (EW ) from the Crab (Hitomi Collaboration 2018a) 3 We calculate 1σ uncertainties by taking the propagated error on the mean. with the current Perseus result by considering profiles of statistical error in EW (∆EW).
For the background limited case where number of line photon counts (C line ) are much less than the "background" (i.e.,cluster continuum) counts (C bgd ), i.e., C line C bgd ,
The adopted spectral fitting method may also affect the limits.
Below 6 keV, limits from the two observations are comparable. Above this energy, the Perseus observations results in larger ∆EW than Crab. At higher energy, the Perseus limit increases more rapidly than the Crab limit. This is probably caused by the photon limited factor, C −1 bgd , since for these energies the Perseus counts are down to less than 10 counts per resolution element.
The Suzaku Perseus limit
We compare our SXS Perseus cluster results with those from the Suzaku XIS (CCD) in Tamura et al. (2015) (hereafter T2015). Table 4 compares the respective observational parameters. Figure 13 shows line flux limits from the two observations. T2015 searched for line signals in the 2-6 keV energy range using spectra extracted from a 10 radius circle. (see their figure 12 for the limit in EW ). They used the Suzaku Crab Nebula observation to correct their effective area and estimated a systematic sensitivity to a weak line feature of less than 2 eV in EW from the maximum line flux in the Crab spectrum.
We note that in the XIS case the best-fit flux fluctuation amplitude is larger than the statistical error level over most energy bins. Therefore, the flux limit was determined by the systematic error estimated from the Crab spectra. Contrary to the XIS case, the SXS statistical errors are larger than the systematic one estimated from the SXS Crab observation at least above 6 keV (figure 5). The Crab systematic errors are smaller (< 1 eV) than those of the XIS. In some energy ranges, the current SXS observation provides smaller EW limits than XIS. However, this does not always translate into a smaller limit in line flux (F Line ) or intensity (f Line ) as explained below. These values are related to the source flux intensity (f source ; the cluster and AGN flux over the relevant energy range in this case) and observed sky area (Ω) as follows.
Given the Perseus cluster surface brightness distribution (including the AGN flux) and Ω(SXS; 3 × 3 )/Ω(XIS; r < 10 ) ∼ 1/36 (table 4) , we estimate f sou,SXS /f sou,XIS ∼ 12 and F sou,SXS /F sou,XIS ∼ 3. Therefore as given in the last equation above for the same EW limit, the SXS f line limit is larger than the XIS one by a factor of > 10. Even if the SXS EW limit is half of the XIS limit, the SXS flux limit is 6 (12/2) times larger than the XIS one.
As shown in figure 13 the difference between the two observations is consistent with the above estimation. For the XIS spectra below 6 keV, the effective area systematic error hinders the sensitivity to a weak line. Above this energy range the cluster Fe line emission, instrumental features, and continuum background along with the decreasing effective area reduce the sensitivity. In contrast, the SXS high resolution spectroscopy resolves and localizes these plasma and instrumental features, resulting in less contamination around these features. The decreasing SXS effective area dominates its sensitivity reduction. Exposure time. ‡ Energy band § Energy resolution in FWHM (full-width-half-maximum).
Limits on the dark matter decay rate
Constraints on the X-ray flux of dark matter decay lines have been derived using various targets and instruments with various band passes. For example, Sekiya et al. (2016) used a large quantity of X-ray diffuse background (XDB) data from Suzaku XIS in a search for the dark matter signal from our Galaxy in the 1-7 keV energy range. Perez et al. (2017) used NuSTAR observations of the Galactic center in the 3-80 keV range.
To compare the sensitivity to a dark matter signal among different observations , instead of the dark matter decay rate (Γ DM ) itself, we use the line flux density (f line ) divided by (Σ DM ), which is proportional to Γ DM , as given in equation 2. For the Perseus cluster Σ DM within the SXS field of view is calculated using the mass (6 − 8) × 10 12 M used in Aharonian et al. (2017) .
Note that this and other Σ DM estimations given below are uncertain up to a factor of two.
To estimate the line flux limit from SXS observations we adopt the statistical errors, which are larger than or comparable to the Crab systematic ones (figure 5). Table 5 shows the resulting limits along with previous analyses. Compared with the XIS limit in T2015 for the same target but covering a larger area, current SXS limits are larger (weaker) at energy below 7-8 keV and comparable at higher energies.
Because the cluster X-ray brightness is more strongly concentrated toward the center (roughly proportional to square of gas density) than the estimated dark matter decay flux (proportional to dark matter density), observations limited to the central parts such as the SXS one have higher plasma flux (background) and smaller signal-to-background ratio than more extended ones such as the XIS observations. This is a primary factor for the stronger limit on Γ DM obtained by the XIS than the current SXS result at energies below 7-8 keV.
Above this energy range, the XIS sensitivity is limited by instrumental background , while SXS one is limited only by the decreasing effective area and photon statistics, as described in sub-subsection 4.1.4.
For the energy range of 1-7 keV, the XDB observations (Sekiya et al. 2016 ) provides stronger limit on the line flux and Γ DM than other limits (table 5) . This is largely due to the much lower X-ray flux density in the XDB than those in X-ray bright galaxies and clusters as well as the larger solid angle and deeper observations. Above about 7 keV, this XIS observation suffers from the instrumental background in the same way as the XIS Perseus observation in T2015.
For energies above 7 keV, the NuSTAR observations of the Galactic center in Perez et al. (2017) provides a strong limit on the line flux and on Γ DM . This is largely due to a large solid angle of NuSTAR (effective solid angle of > 10 4 arcmin 2 and detector area of 4-11 cm 2 as given in their table 1). The large Σ DM toward the Galactic center region also contributes to the strong limit.
Our flux limits along with the assumed Σ DM are translated into those on the sterile neutrino mass-mixing angle plane as shown in figure 14 . M pc −2 , are used along with equations in T2015 and a dark matter decay rate from ?. The 3σ limits (correcting for the look elsewhere effect) from the Suzaku X-ray diffuse background spectra are shown by the blue dashed line (Sekiya et al. 2016) . The red data points indicate the claimed signals from M31 (Boyarsky et al. 2014 ) and stacked galaxy clusters (Bulbul et al. 2014) . Along the gray horizontal curves, the sterile neutrino relic abundance from the (non-)resonant production coincides with the observed dark matter mass density, for a given lepton asymmetry per entropy density, L × 10 0, 4, 8, 12, 16, 25, 70, 700, 2500 , are shown. Here we utilize the public code sterile-dm (Venumadhav et al. 2016) to calculate the relic abundance. The region of parameter space left of the magenta curve is disfavored by the satellite number count (Cherry & Horiuchi 2017) .
Instrumental calibration and atomic line emission models
Our analysis confirms importance of the instrumental calibration to maximize its spectroscopic capability. Firstly, in our analysis, effective area calibration on a fine energy grid limits the systematic uncertainty of weak line fluxes. This is particularly crucial with bright X-ray sources like galaxy clusters and the Galactic center. Without the Hitomi observations of the Crab Nebula, a line free bright X-ray source, we could not examine the effective area uncertainty.
Secondly, the energy scale and response should also be stable and calibrated well for separating source features from statistical noise and atomic or instrumental features without a-priori knowledge of position and Doppler velocity. In the Hitomi case, these were calibrated without the originally planned per-pixel, simultaneous X-ray energy calibration using the Modulated Xray Source. For the new mission, this system will be used to improve spectroscopic performance.
See e.g., for the SXS calibration.
In addition to the instrumental features, atomic line emission parameters should also be . Once these atomic features are resolved and modeled accurately, the analysis should become more suitable for carrying out blind searches. Alternatively, these atomic contamination features may be avoided by observing X-ray faint sources that have lower dark matter densities but better dark matter to plasma emission background ratios. 
Conclusion and Future Prospects
Aharonian et al. (2017) used the SXS high energy resolution spectrum and did not confirm the 3.5 keV signal reported in Bulbul et al. (2014) . We extended this search into the full observed energy band of 2-12 keV We have demonstrated the unique advantages of high resolution spectroscopy for weak line searches and provided a pilot study for future reference.
We provide lists of possible line emission as well as line absorption features (table 3) .
These signals may represent statistical fluctuations or, in some cases, the first hints of unmodeled atomic lines or lines of other origin. These should be examined with future laboratory and cosmic X-ray experiments. Hint of faint line features possibly originating from Zn and charge exchange emission demonstrates the vast potential of high resolution spectroscopy of cosmic plasma. These features will be resolved by deep and targeted observations and be unique probes for cosmic plasma.
We found no significant unidentified line emission nor absorption (section 3.3). The line flux upper limits as functions of energy and their dependence on intrinsic line width are displayed in figure 5 and table 5.
Due to the smaller grasp and shorter exposure of the current observation compared with those of previous searches, our flux limit is not largely stronger than those claimed previously.
However, we should examine carefully the previous analyses based on lower energy resolution spectra. As discussed in section 1 some original claimed detected fluxes of a 3.5 keV line (Bulbul et al. 2014 ) are in conflict with other analyses, including those from high energy resolution spectra. This may indicate that some of these reports underestimated systematic uncertainties for weak lines. Accordingly, our results are complementary to past studies for X-ray line searches, utilizing a target with one of the highest dark matter column densities in the nearby universe.
The small grasp of the SXS is an impediment to measurement of fluxes of possible unidentified faint signals. Even ignoring background and other instrumental systematic errors, to detect and resolve the signal more robustly than previous claims, at least 10 line photons are required. This approximately corresponds to the 3σ photon-limit sensitivity as estimated in Kitayama et al. (2014) with the designed SXS capability. The expected sensitivities with 1 Ms exposure are about 0.3 (0.5 keV), 0.06 (1-5 keV), and 0.1 (10 keV), all in LU at energies given in parentheses, for a narrow line emission. These fluxes are not significantly lower than the level constrained previously (see table 5 for examples). Additionally lines can possess a variety of intrinsic widths and can be particularly broad in massive objects. Therefore, to detect such faint unidentified signals, much deeper data or larger grasp with good energy resolution is required.
The next opportunity for astronomical high resolution non-dispersive X-ray spectroscopy will be the calorimeter on the JAXA-NASA Hitomi recovery mission, XRISM (?). This will have basic design and capabilities inherited from Hitomi , and will observe a variety of dark matter-rich systems. With XRISM , the energy range will be extended down to 0.5 keV and much longer observation times employed. Kitayama et al. (2014) discussed detailed strategies for the dark matter search using SXS-type spectroscopy. If any unidentified candidate signals are suggested by theories or by X-ray and other observations, the XRISM instrument will be the first to identify or reject those signals. (1) Nr (2) ele (3) (1) Nr: Identification number defined in the SPEX database.
(2) Ele: Element name.
(4) Energy: rest frame energy in eV.
(5) Emi: emissivity for a 4.3 keV plasma with a certain emission measure normalizaed by that of Fe XXV resonance (the strongest one).
(6) Up: Upper level electron configulation. histograms and residuals are for models without (with) the line feature at the position shown in the dashed vertical line. Note that spectrum is rebined coarsely for plotting purpose but for fitting we use the original 1 eV bin size. Fig. 19 . Same plots as the previous one, but for σLine = 160 km s −1 and absorption signals.
